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Abstract² This paper demonstrates the characterization and 
modeling of an antenna to predict its effect when used in a digital 
communication system. The technique was applied to a 
commercial dual-band antenna. An equivalent circuit model was 
derived to characterize the antenna behavior in the frequency 
domain. A time domain system model was also derived to enable 
the estimation of the antenna effects in a digital system. The results 
show that the antenna caused symbol scattering and contributed 
to the error vector magnitude. 
Keywords²transfer function, equivalent circuit, antenna phase, 
antenna effects, impulse response, digital communication system. 
I.  INTRODUCTION  
Antenna engineers commonly design antennas for a low 
input reflection coefficient (S11) using simulations and 
measurements. They then obtain the gain and radiation patterns 
at certain frequencies. These parameters are insufficient to 
completely characterize the antenna as a two-port network. This 
procedure also does not provide essential antenna parameters 
such as the S11 phase and the complex transfer parameter, S21. 
Those parameters are important in digital communication 
systems (DCSs), which are simulated and studied in the time 
domain. The aim of the current study is to derive a time domain 
system model from the antenna frequency domain measurement. 
This technique is applied to model and characterize antennas to 
be included in DCS software. This technique enables designers 
to predict the effects of an antenna on the modulated signal in a 
DCS and to estimate the symbol scattering. The error vector 
magnitude (EVM) and bit error rate (BER) are commonly 
accepted metrics used in characterizing symbol scattering and in 
examining system performance. These steps also help to identify 
sophisticated antenna structures that will minimize the effect of 
the antenna in the DCS. 
Two-port equivalent circuit models (ECMs) can be derived 
to obtain the S21. The models characterize the antenna behavior 
and predict the total radiated power [1]. The derivation of an 
ECM for an antenna is derived by defining the topology based 
on antenna structure and using only complex S11 to obtain the 
circuit element values [2].  The radiation resistance is identified 
in the second port and the radiated power is the power dissipated 
in that resistance. Antennas are also categorized into minimum 
and non-minimum phase [3]-[5]. Minimum-phase antennas have 
only a single path for the energy transferred through the 
DQWHQQD¶VHTXLYDOent circuit [6]. Non-minimum phase antennas, 
in contrast, have several paths for energy transfer. 
Alongside the current exponential growth in wireless 
communications, the application of antennas in wireless systems 
has also increased significantly. Understanding antenna effects 
in DCSs has become an important part of achieving good system 
performance [2], [7]. Designers aim to have wideband antennas 
and non-dispersive signals. BER can be caused from fading 
channels, non-linearity in the radio frequency (RF) components, 
added noise in the channel and from properties of the antenna 
system. These effects increase the symbol scattering of the 
systems and result in performance degradation. 
In this paper, the commercial dual-band antenna shown in 
Fig. 1 was characterized and modeled. An ECM was derived for 
the antenna to obtain the total radiated power and to characterize 
the antenna behavior. The full set of S-parameters were 
measured in an anechoic chamber between two identical 
antennas in order to compare the resulting S21 in amplitude and 
phase with the values obtained from the ECM. A Finite Impulse 
Response (FIR) model was derived for each S-parameter to 
represent a time domain system model for the antenna. The 
antenna system model was then simulated on a DCS with 
16-QAM modulation to predict the antenna effects on the system 






























Fig. 1. Commercial dual-band antenna structure and ECM topology (all 
dimensions in mm). 
II. EQUIVALENT CIRCUIT MODEL (ECM) 
A commercial dual-band antenna was printed on an FR-4 
dielectric and had planar features. The first step was to define 
the topology, as mapped to the antenna structure shown in Fig. 1. 
The antenna is represented by the transmission line TL1 and 
inductors L1, L2, and L4, whereas capacitors represent the 
coupling to the ground. The ECM was simulated and optimized 
to match the complex S11 using Advanced Design System® 
  
(ADS) software. The ECM for the antenna was then derived, as 
illustrated in Fig. 2, and the radiation resistance of the antenna 
ZDVIRXQGWREHDWȍ7KH63EORFNVKRZQLQ)LJcontains 
the S11 data measurement result obtained using a network 
analyzer. This block was used to optimize the circuit to match 
the S11 measurement by using an iterative optimization process 
in the ADS software. The ECM showed a single path for 
transferring energy through the equivalent circuit, which 
confirmed that the antenna is a minimum phase antenna [6]. The 
S11 from the ECM was then compared with the measurement. 
Both values were found to match, as shown in Fig. 3. The 
antenna had two radiating bands at the two resonance 
frequencies 2 GHz and 6 GHz. 
 
Fig. 2. ECM for the commercial dual-band antenna. 
 
Fig. 3. Comparison of S11 from measurements and from ECM. 
S21 measurements were then conducted in an anechoic 
chamber between two identical antennas on their principal axis, 
70 cm apart, using a network analyzer. The amplitude and phase 
of S21 for each antenna were obtained after de-embedding the 
free-space channel, taking the square root of the amplitude, and 
dividing the phase by two. Assuming the antenna is lossless and 
that all observed power is radiated. The S21 which represents the 
total radiated power of each antenna can be calculated from S11 
by [8]: ȁܵଶଵȁ ൌ ඥͳ െ ȁ ଵܵଵȁଶ    (1) 
The S21 from the ECM matched that computed from S11 using 
(1), as shown in Fig. 4; this response represents the power ratio 
of the total radiated power. The measured S21 of the antenna after 
de-embedding the free-space channel is also shown in Fig. 4, 
which represents the radiated power from the antenna on the 
DQWHQQD¶VSULQFLSDOD[LV7KHUHPDLQLQJSRZHUZDVUDGLDWHGRQ
the sidelobes. 
As shown in Fig. 5, the phase of S21 obtained from the ECM 
matched that obtained from the measurement, and both were 
found to be linear in phase. This situation indicates that only 
minimum-phase and linear-phase components were found in the 
S21 phase [1], which in turn confirms that the antenna is a 
minimum phase and that its behavior had a frequency-invariant 
radiation pattern [9]. 
 
Fig. 4. Amplitude of S21 from the ECM, from S11, and from measurement. 
 
Fig. 5. S21 phase from the measurement and the ECM. 
III. ANTENNA SYSTEM MODEL 
Modeling an antenna as a system is a technique for analyzing 
the effects of an antenna in DCS software. Modeling is 
developed to determine the computability of the antenna in a 
DCS simulation. S-parameters can be measured between 
transmitting and receiving antennas [4]-[6]. The measurement of 
a full set of S-parameters enables the designer to predict the 
correct frequency response in the direction of communication. 
The system model is derived by realizing the complete 
S-parameters from the measurement between transmitting and 
receiving antennas. This derivation also helps designers to 
model accurate system models with precise S11, S21, S12, and S22 
measurements. The impulse response in the time domain was 
  
obtained by applying the inverse fast Fourier transform (IFFT) 
to each complex S-parameter. When using two identical 
antennas in the measurement, the S11 and S22 are the same, as are 
S12 and S21. From the full set of S-parameters measured in the 
anechoic chamber, FIR models were then derived for each 
S-parameter with a 4,001-order to develop four models for the 
S-parameters. 
The validity of the antenna system model derived from the 
FIR models was then verified. The impulse response of the FIR 
model was compared with the impulse response of each 
S-parameter obtained from the frequency response 
measurement, and the values were found to match. The impulse 
response of the S21 measurement and the antenna S21 FIR model 
are shown in Figs. 6a and b, respectively; both values are shown 
to be similar. The impulse response of the antenna S21 had many 























6. Impulse response of (a) antenna S21 measurement and (b) the antenna S21 FIR 
model. 
The complete system model with four FIR models derived 
for the full set of the S-parameters was then developed, as shown 
in Fig. 7. The chirp signal in the input of the system is a 
frequency swept source, to predict the frequency response of the 
antenna system. Fig. 8a shows the frequency response of the 
system model. This is compared to the S21 measurement shown 
in Fig. 8b, which contained the response of the two identical 
antennas with a 70 cm path-length free-space channel. Antenna 
measurements were then modeled as a two-port network system 
to evaluate the performance of the antenna in a system 
simulation that could then be used directly in DCS software. 
 
Fig. 7. Complete antenna system model with four FIR models. 
The system model shown in Fig. 7 was then used to study 
the antenna effect on transmitted signals and to calculate the 
EVM as well as the resulting BER of a DCS [2]. This technique 
allows designers to assess the system performance resulting 
from the antenna effects, such as symbol scattering that leads to 
the degradation of system performance. Fig. 9 shows the steps 
involved in predicting the effects of an antenna in a DCS, 
starting from the frequency response antenna measurement. 
 
Fig. 8. Frequency response of the (a) antenna system and (b) S21 measurement. 
Measure the full set of S-parameters in an anechoic chamber
Compute the impulse response for each S-parameters 
Derive FIR model for each S-parameters
Derive antenna measurement model with four FIR models
Apply IFFT to each complex S-parameters
Develop SIMULINK model for a complete digital system
Assess the system performance resulting from the antenna effects
 
Fig. 9. Flow chart to predict antenna effects in a DCS. 
IV. ANTENNA SIMULATION IN A DCS 
A complete DCS was modeled in SIMULINK to simulate 
the antenna model as illustrated in Fig. 10. This model was 
derived to predict the effects of the antenna and to obtain the 
EVM and BER for characterizing the symbol scattering. The 
DCS consists of a data generator that is then modulated by 
16-QAM. An up-converter was used to send the data with a 
carrier frequency to convert the transmission data from baseband 
to passband followed by the antenna system model. FIR models 
represented the full set of S-parameters of the antenna 
measurement from the two identical antennas with the free-
space channel. The signal was then passed through the down-
converter to convert the signal back to the baseband-modulated 
signal. This step was performed without adding any noise so that 
the antenna effect on the DCS could be predicted. 
  
In the DCS simulation, the antenna was examined at two 
different carrier frequencies with 106 symbols. The effects of the 
antenna on the modulated signal were then investigated. The 
antenna effects on the DCS performance are shown in the 
constellation diagrams in Figs. 11a and 11b for the two carrier 
frequencies of 2 GHz and 6 GHz, respectively. The output 
constellation diagrams show that the antenna caused symbol 
scattering with varying EVMs. The EVM was 11.95% and 
6.16% in the carrier frequency 2 GHz and 6 GHz, respectively. 
The BER was zero because the receiver was able to recover the 
symbols in spite of scatter. This scattering occurred because the 
antenna impulse response produced other components due to 
multiple reflection in the antenna, which caused the symbol 
scattering shown in the constellation diagrams. The comparisons 
between the two carrier frequencies in the constellation 
diagrams and the EVM showed that the symbol scattering at 2 
GHz was more severe than at 6 GHz, which estimated the 
antenna effects on the modulated symbol in the two bands. This 
technique is also useful to predict the performance of the system 
in each band in multiband systems. 
 
Fig. 10. Antennas with free-space channel in a DCS. 
 
                             (a)                                                   (b) 
Fig. 11. Output constellation diagrams after antenna system model at carrier 
frequency (a) 2 GHz and (b) 6 GHz. 
The effects on a DCS depends on the antenna types 
employed. An antenna impulse response is an important 
parameter, especially if the antenna produces additional 
components due to multiple reflection in the antenna itself, 
which will increase the effects on D'&6¶VSHUIRUPDQFH7KLV
technique allows for simulating an antenna in a DCS and enables 
designers to predict the effects of an antenna in a DCS. Doing so 
also allows designers to modify and redesign antennas for robust 
digital system performance. Once antenna models are derived, 
the different antennas and channels can be used for different 
applications. This is the case when a base station is transmitting 
and many users are receiving signals. 
V. CONCLUSION 
This paper has described a technique to characterize and 
model an antenna to be included in DCS simulation; it also 
reported on the effect of the antenna on wireless links and DCSs. 
The ECM for a commercial dual-band antenna was derived, and 
the S21 was obtained in both amplitude and phase. The total 
radiated power was computed, and the antenna behavior was 
characterized. The FIR models were derived for all S-parameters 
from the frequency response antenna measurement to be able to 
include the antenna in a DCS simulation. The impulse response 
of the antenna showed additional components due to multiple 
reflection in the antenna. The effects from the antenna only were 
predicted in a DCS, and the EVM and BER were calculated to 
characterize the symbol scattering. The results showed that the 
antenna caused symbol scattering and that the EVM had 
increased at the receiver for both bands at the two carrier 
frequencies. The antenna effects at 6 GHz were shown to have 
less of an effect compared to the effects at 2 GHz. This 
scattering, and the change in EVM, were caused by the antenna 
design. These effects reduced the order of the modulation 
scheme and the data-transmission rates. This technique enables 
designers to predict the performance of a multiband system in 
each band. This technique will allow engineers to integrate 
antennas with fading channels in DCS simulations for different 
applications for future work. 
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